A number of endosperm mutants of maize (Zea mays L.) have altered kernel composition as the result of single locus mutations. We have examined eight different mutants to determine how these mutations might affect expression of eight different genes in developing kernels. We found that the abundance of aldolase, Shrunken-2, Brittle-2, Opaque-2 and Waxy transcripts were stimulated by the mutations. The abundance of all of these transcripts, except for Shrunken-2, was correlated with the sucrose concentration in the kernel. Sucrose may modulate expression of these genes. Transcript abundance of the zein genes was lower in most of the mutants. A correlation between a-zein transcript abundance and mature kernel zein protein content suggested that zein accumulation is controlled by transcript abundance. A correlation between a-zein transcript abundance and mature kernel dry weight suggested that zein gene expression is in some way linked with carbohydrate formation. The inverse relationship between sugar concentration in immature kernels and mature kernel dry weight supports the concept that the failure of developing kernels to utilize nutrients in the biosynthesis of storage products results in the accumulation of these nutrients. The accumulation of sugars and amino acids may then contribute to the observed changes in overall gene expression.
A number of maize endosperm mutants are known to have altered kernel composition (Creech 1968 , Nelson 1980 , Boyer and Shannon 1983 . In general, these mutants lack some protein with a role in the grain-fill process, and as a result do not accumulate as much starch or storage proteins as normal kernels and accumulate more sugars. The function of the deficient component has been defined precisely for many maize endosperm mutants. The shrunken-l mutant lacks the endosperm specific or inducible form of sucrose synthase Nelson 1976, Springer et al. 1986 ). Endosperms of the shrunken-l mutant contain only 10% of the sucrose synthase activity and accumulate about 90% of the starch found in normal kernels Nelson 1976, Nelson 1980) . The residual sucrose synthase activity is derived from a constitutive sucrose synthase gene that is expressed in most maize tissues, including endosperm (Chourey et al. 1986 ).
The shrunken-2 and brittle-2 mutants are deficient in the activity of ADP-Glc pyrophosphorylase (Tsai and 411 Nelson 1966) . It has been demonstrated that the shrunken-2 and brittle-21oci encode for the two subunits of ADP-Glc pyrophosphorylase (Bae et al. 1990 , Bhave et .al. 1990 , Preiss et al. 1990 . In contrast to shrunken-l, shrunken-2 and brittle-2 kernels accumulate only 20% of the starch found in normal kernels (Nelson 1980, Boyer and Shannon 1983) .
The brittle-l mutant is also extreme in its degree of starch deficiency, accumulating less than a third of the starch found in the normal genotypes (Nelson 1980) . Although the function of the Brittle-l locus has not yet been precisely defined, the Brittle-l gene was recently cloned and sequenced (Sullivan et al. 1991) . The sequence similarity of the peptide encoded by the Brittle-l gene with adenylate transporters has led the investigators to speculate that Brittle-l locus may encode an amyloplast inner-envelope adenylate transporter.
A shrunken-4 mutant is also deficient in starch, but the nature of its genetic deletion is not understood. Some endosperm mutants accumulate altered forms of starch because of enzymic deficiencies. The amyloseextender mutant accumulates more amylose relative to amylopectin in its starch. Boyer and Preiss (1978) provided evidence suggesting that mutation results in the deletion of one form of starch-branching enzyme. In contrast, the waxy mutant accumulates only amylopectin. The waxy mutant is known to be deficient in the starch-granule bound form of starch synthase (Nelson and Rines 1962) . The sugary-I mutant of maize accumulates in its kernels a unique highly branched, water-soluble form of starch, known as phytoglycogen. Whereas the primary function of the sugary-I locus has not been defined, some investigators have suggested that this mutant possesses an altered starch branching enzyme (Boyer and Preiss 1978) , others have suggested that this mutant is deficient in the pullulanase-type starch debranching enzyme (Pan and Nelson 1984) .
Another class of endosperm mutants comprises mutants that primarily accumulate altered amounts of storage proteins. The best known of these is the opaque-2 mutant, which accumulates less a-zeins (Tsai et al. 1978) . The gene for the Opaque-2locus has been cloned and was determined to be a transcriptional regulatory factor that affected transcription of a-zein gene (Schmidt et al. 1990) .
In all of these mutants, the deletion of a single metabolic step altered metabolism throughout the kernel. Regardless of the exact nature of the deletion, most of these mutants accumulate less starch, less storage protein and accumulate more sugars. An earlier study from this laboratory (Doehlert and Kuo 1990 ) indicated that activities of many enzymes not directly related to the primary mutation were altered in the mutants. We speculated that gene expression was being affected. In the present study, we have measured transcript abundance for eight genes central to kernel development in eight maize mutants with isogenic backgrounds and compared them with the normal genotype. Our results confirm many of our earlier speculations and extend our understanding of how these mutations affect kernel composition. We also present interesting correlations between kernel physical characteristics and kernel composition.
Materials and Methods
Plant material-Normal OH43 maize (Zea mays L.) and isogenic lines of the brittle-I, brittle-2, shrunken-I, shrunken-2, shrunken-4, sugary-I, amylose-extender, and opaque-2 mutants in an OH43 background were obtained from the Maize Genetics Cooperative, Department of Agronomy, University of Illinois, Urbana, IL, U.S.A. Normal and mutant corn plants were grown in the field at Peoria, IL during the summers of 1985, 1986, and 1989 . Dry weight, starch, and protein analyses were performed on mutants grown in 1985 and 1986. Sugar contents and RNA analyses were performed on kernels grown in 1989.
Kernels harvested 20 days postpollination (DPP) were stripped from the cob and frozen at -80°C until analyzed. Kernels were also harvested at maturity.
Analyses-Moisture and starch were determined as described by Doehlert et al. (1993) . Total protein and zein were determined as described by Singletary et al. (1990) Sugars were extracted and analyzed by the method of Kuo et al. (1988) . Amino acids were determined after extracting 50 mg of dry ground tissue three times with 3 ml 70% (v/v) ethanol. Supernatants were pooled, brought to 10 ml and amino acids determined with a ninhydrin reagent described by Hecht et al. (1988) with leucine as a standard.
RNA extraction and hybridization-Frozen kernels (about 0.5 g fresh weight) were ground to a fine powder in liquid N 2 using a mortar and pestle. Frozen powder was transferred to sterile 17 x 100 mm polypropylene test tubes with caps. RNA was extracted by adding 3 ml of extraction buffer containing 100 mM Tris-HCl (pH 9.0), 200 mM NaCl, 5 mM DTT, 1% (w/v) Sarcosyl and 20 mM EDTA was added to the frozen powder, and it was shaken vigorously for about 20 s. Immediately after extraction, 3 ml of a 50 : 50 mixture of phenol chloroform was added. After centrifugation (10,000 x g, 5 min), the aqueous supernatant containing the RNA was twice rinsed with 3 ml chloroform and centrifuged. The supernatant was brought to a 2 M LiCl concentration and the RNA was allowed to precipitate overnight at 4°C.
The precipitated RNA was pelleted by centrifugation (10,000 x g, 10 min) and the supernatant discarded. The RNA pellet was rinsed with 1 ml of 2 M LiCl, centrifuged and the supernatant discarded. The pellet was then dissolved completely in 100,ul of 10 mM Tris-HCl (pH 7.5), 2 mM EDTA and transferred to a sterile 1.5 ml Eppendorf tube. The RNA was ethanol precipitated and redissolved in 25 ,ul of 10 mM Tris-HCl (pH 7.5), 2 mM EDTA. RNA and protein contents were quantified from the absorbance at 260 and 280 nm, respectively. Dot-blots of total RNA were prepared by vacuum blotting lO,ug total RNA in 0.5 ml ice-cold 10 mM NaOH, 1 mM EDTA directly onto Zeta-Probe GT (Bio-Rad Laboratories, Richmond, CA) in a dot-blot apparatus. Each well was then rinsed with 0.5 ml cold 10 mM NaOH, 1 mM EDTA and vacuum was reapplied. After removal from the blotting apparatus, the membrane was rinsed in 0.3 M NaCl, 0.03 M trisodium citrate, and 0.1% SDS. RNA was cross-linked to the membrane by UV irradiation for 10 min, followed by vacuum drying at 80°C for 30 min.
Plasmids containing maize DNA fragment inserts were linearized by restriction digestion and the inserts were separated from the rest of the plasmid by agarose-gel electrophoresis (Sambrook et al. 1989 ). Inserts were identified by their molecular size, cut out of the gel and purified from the agarose with a Quaigen (Studio City, CA) kit. Isolated inserts were radiolabeled by the random priming method (Sambrook et al. 1989 ) using 32p_CTP. Radiolabeled DNA fragments were separated from unreacted nucleotides with 5 x 0.5 cm Sephadex G-50 columns and used to probe RNA blots according to the method of Sambrook et al. (1989) . High stringency probing conditions were utilized. Membranes were prehybridized for 30 min in 25 ml of 0.25 M Na2HP04 (pH 7.2),7% SDS, and 1% BSA at 65°C. The radiolabeled probe was placed in a boiling water bath for 10 min and quenched on ice for 5 min. The quenched probe was pipetted into an additional 25 ml of the same buffer used for prehybridization and poured into a heat-sealable bag with the RNA-containing membrane. Hybridization was allowed to proceed for at least 15 h at 65°C. The hybridized blot was given one lO-min and three 30-min rinses in 50 ml 40 mM Na2HP04 (pH 7.2), 1% SDS. Hybridization was visualized and quantified using the AMBIS Radioanalytic Imaging System (AMBIS Systems, Inc., San Diego, CA). Results are expressed as counts (g fresh weight)-I, although data have been analyzed expressed as counts kernel-I and counts f.l.g-I RNA.
A cDNA clone of Shrunken-I (pZMclI06) encoding for maize sucrose synthase-I, and a cDNA clone of aldolase (pZMcI154; Kelley and Tolan 1986) were obtained from Dr. P. Kelley (University of Nebraska, Lincoln, NE). A cDNA clone of the maize Waxy gene, encoding for the starch-granule bound starch synthase, was obtained from Dr. S. Wessler (University of Georgia, Athens, GA). A cDNA clone of Shrunken-2 (pES6-66) and of Brittle-2 (pES6-75), encoding for the two subunits of ADP-Glc pyrophosphorylase as described by Barton et al. (1986) were obtained from Dr. C. Barton (ESCAgenetics, San Carlos, CA). A genomic clone of a-zein (pZI9abl; described as ZG99 by Pedersen et al. 1982 ) and a genomic clone of Pzein (pZG 15.1; Pedersen et al. 1986 ) were supplied by Dr. B.A. Larkins (University of Arizona, Tuscon, AZ). A cDNA clone of Opaque-2, encoding a regulatory protein controlling a-zein transcription, was supplied by Dr. R.J. Schmidt (University of California, San Diego, CA).
Data analysis-All analyses were performed with four replications using kernels from four separate ears. Analysis of variance, correlation analysis, and linear regressions were performed using a computer program (ABSTAT, Anderson Bell, Parker, CO, U.S.A.). Least significant differences were calculated by the procedure described by Steel and Torrie (1960) . Lines drawn on Figures 1 and 2 are the result of linear regressions.
Results
Kernels harvested at 20 DPP were analyzed for fresh weight, dry weight and percent moisture. Only brittle-I kernels had significantly lower kernel dry weights at this stage. The mutants did not differ from the normal genotype in fresh weight at 20 DPP. The shrunken-2, shrunken-4, brittle-I, brittle-2, and sugary-I mutants all had significantly higher moisture content in their kernels at 20 DPP than did the normal genotype (Table 1) . Most genotypes yielded about the same amounts of RNA per g fresh weight, except shrunken-4 and sugary-I, which yielded significantly less RNA than did the normal genotype (Table 1) .
Hybridization experiments with RNA blots and labeled aldolase probe indicated that brittle-I and brittle-2 kernels had significantly higher message levels than normal ( Table 2) . As expected, the shrunken-I mutant was deficient in Shrunken-I transcript (Table 2 ), but the shrunken-4 and sugary-I mutants also possessed significantly lower levels of this transcript than did the normal genotype. The shrunken-2 mutant was deficient in the Shrunken-2 transcript, but the brittle-I and brittle-2 mutants had significant- ly higher levels of this transcript than did the normal genotype ( Table 2 ). The brittle-2 mutant was deficient in Brittle-2 transcript, but the shrunken-2, brittle-I, amyloseextender, and opaque-2 mutants all possessed significantly higher levels of this transcript in their kernels at 20 DPP than did the normal ( Table 2 ). The opaque-2 mutant was deficient in Opaque-2 transcript, but brittle-I kernels had significantly higher levels of this transcript than the normal genotype (Table 3 ). All mutants except the amylose-extender had significantly lower levels of a-zein transcript than the normal. The shrunken-4 mutant had particularly Iowa-zein transcript levels, being less than one tenth of the normal (Table 3 ). The shrunken-4, sugary-I, and opaque-2 had significantly lower of fJ-zein transcript than normal (Table 3 ). The shrunken-2, brittle-I and brittle-2 mutants had significantly higher levels of Waxy transcript than the normal genotype (Table 3) . Many mutant genotypes harvested at 20 DPP had higher mean sugar and amino acid concentrations in their kernels than did the normal (Table 4 ). The shrunken-2, brittie-I, and brittle-2 mutants had significantly higher sucrose concentrations. The shrunken-2 and brittle-I mutants had significantly higher glucose concentrations, whereas the shrunken-4 and brittle-I mutants had significantly higher fructose concentrations (Table 4 ). The shrunken-4 and opaque-2 mutants had significantly higher amino acid concentrations than did the normal genotype (Table 4 ). All mutants accumulated significantly less dry weight and starch in their mature kernels than did the normal genotype (Table 5 ). The shrunken-2, shrunken-4, brittle-I, and brittle-2 mutants accumulated less total protein per kernel than did normal kernels and the shrunken-2, shrunken-4, brittle-I, brittle-2 and opaque-2 mutants accumulated less zein protein in their kernels than did normal kernels (Table 5 ). The concentration of total protein (mg N (g dry weight)-I) in mature kernels was higher in all mutant kernels than normal kernels (not shown), but the concentration of zein protein was lower in shrunken-4, brittle-I, and brittle-2 kernels than in normal kernels (not shown).
Correlation analyses were done to evaluate possible relationships among the kernel characteristics examined. Sucrose concentrations in kernels harvested 20 DPP were found to be significantly correlated with aldolase, Brittle-2, Opaque-2, and Waxy transcript abundances (Table 6 ). Sucrose concentration in 20 DPP kernels was also negatively correlated with mature kernel dry weight and mature kernel starch, expressed as mg kernel-I.
Mature kernel dry weight was positively correlated with the starch content of kernels, but negatively correlated with the percent total kernel nitrogen in mature kernels and with the percent kernel moisture at 20 DPP (Table 7) . Mature kernel dry weight was also negatively correlated b For analysis of these transcripts, data obtained from the genotype whose primary deletion was the transcript under analysis were omitted from the regression. * Significant, P < 0.05. ** Significant, P < 0.01.
with aldolase transcript at 20 DPP and positively correlated with a-zein transcript levels (Table 7) .
Amino acid concentrations detected in 20 DPP kernels were negatively correlated with both a-zein transcript (r= -0.64; P=0.063) and fJ-zein transcript (r= -0.76; P= 0.018) levels. a-Zein transcript levels in 20 DPP kernels were also correlated with the zein content (mg zein N kernel-I) in mature kernels (Fig. I) .
Kernel moisture was correlated with total sugar concentration, expressed as pmol (g dry weight) -1 (r = 0.66, P =0.054). The sum of sugar and amino acid concentration were more highly correlated with kernel moisture (Fig. 2) .
Discussion
These results clearly show that single locus mutations present in the genotypes examined here affected the expression of many genes. In some genotypes, transcript abundances for aldolase, Shrunken-2, Brittle-2, Opaque-2, and Waxy genes were increased by the mutation. Because the abundance of these transcripts were correlated with sucrose concentration (Table 6) , it is plausible that sucrose may modulate the transcription of some of these genes. Sucrose has been shown to modulate expression of several genes in potato, including those for ADP-Glc pyrophosphorylase (Miiller-R6ber et al. 1990 ). An earlier study from this laboratory (Doehlert and Kuo 1990) indicated that the activity of ADP-Glc pyrophosphorylase in the starch-deficient endosperm mutants was positively correlated with the sucrose Table 7 Correlation coefficients between mature kernel dry weight and other kernel characteristics in normal and mutant maize kernels • • su-1 concentration in those kernels. The correlation of the Brittle-2 transcript, which encodes a subunit of the maize endosperm ADP-Glc pyrophosphorylase, with sucrose concentration supports the hypothesis that sucrose may modulate its transcription. Such a transcriptional regulation of ADP-Glc pyrophosphorylase and other enzymes could increase the biosynthetic capacity of a normal kernel in the event of sucrose accumulation, as a mechanism to balance sink strength with assimilant supply. Further experimental evidence is needed to confirm this hypothesis. It is interesting to note that Shrunken-2 transcript, that encodes a second subunit for maize endosperm ADP-Glc pyrophosphorylase, was less highly correlated with sucrose concentration (Table 6 ). In potatoes, only one of the two genes for ADP-Glc pyrophosphorylase was modulated by sucrose (Muller-Rober et al. 1990 ).
Expression of genes for the zeins were reduced in many of the mutants as compared to the normal genotype (Table 3) . It is well known that zein accumulation is significantly reduced in many of the maize endosperm mutants (Misra and Mertz 1975, Tsai et al. 1978) . Kodrzycki et al. (1989) showed that the transcription of a-and fJ-zein genes was reduced in opaque-2 kernels. This study indicates that the reduction in zein proteins in other endosperm mutants is also due to a reduction in zein transcript abundance. The correlation of a-zein transcript abundance at 20 DPP with zein content of mature kernels (Fig. 1) suggest that zein accumulation is regulated by transcript abundance. The positive correlation of a-zein transcript abundance with mature kernel dry weight suggests that zein gene expression is in some way linked with carbohydrate formation. MullerRober et al. (1992) made a similar suggestion when they found that transcription of potato storage protein genes was inhibited in transgenic potatoes unable to accumulate starch.
Transcript levels of Shrunken-] , which encodes for the endosperm specific form of sucrose synthase, was decreased in many of the mutants ( Table 2 ). The activity of sucrose synthase was also decreased in many of these mutants (Doehlert and Kuo 1990) .
The shrunken-4 mutant generally had lower than normal abundances of transcripts, and had particularly low abundance of zein transcripts. An earlier study (Doehlert and Kuo 1990 ) indicated that every enzyme activity evaluated was lower than normal in shrunken-4. Although the nature of the shrunken-4 mutation is not understood, it appears to manifest itself at the transcript level. The low levels of transcript may be responsible for the low protein levels and enzyme activities, which in turn may be responsible for the accumulation of amino acids observed in this genotype (Table 4) .
The sugary-] mutant also had relatively low RNA abundances (Tables 1,2,3) . We believe that the water-soluble form of starch, phytoglycogen, present in great abundance in sugary-] kernels, may have interfered with the efficient isolation of RNA from this genotype. It was obvious during the RNA isolation from sugary-] kernels that phytoglycogen was co-purifying with the RNA. It is likely that our efforts to eliminate phytoglycogen from our sugary-] RNA extracts may have reduced our yields. Therefore, we place less significance on the lower RNA levels found in sugary-] kernels.
Some interesting physiological principles can be inferred from relationships among physical characteristics of normal and mutant kernels. The positive relationship between kernel dry weight and kernel starch (Table 7 ) is indicative that starch comprises the major storage product of the maize kernel. The negative relationship between percent total kernel nitrogen and mature kernel dry weight (Table 7) suggests that when starch is reduced as a storage product, the relative protein concentration is increased as a consequence. Because percent zein nitrogen had a positive (but not significant) correlation with kernel dry weight, zein protein appears to be controlled differently than total nitrogen. The positive relationship between solute concentration and moisture (Fig. 2) strongly suggests that the accumulation of sugars and amino acids in mutant kernels provides an osmoticum that retains kernel moisture. Because both total solute concentration and kernel moisture were negatively correlated with mature kernel dry weight, it would appear that the failure of the mutant kernels to utilize sugars and amino acids in the biosynthesis of storage products (starch, protein) resulted in the accumulation of these solutes. The subsequent accumulation of sugars and amino acids may have affected transcriptional controls that resulted in the altered patterns of transcript abundances observed in this study.
